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Abstract: Modified calcium carbonates (MCC) are inorganic mineral-based particles with a large
surface area, which is enlarged by their porous internal structure consisting of hydroxyapatite and
calcium carbonate crystal structures. Such materials have high potential for use as carriers for active
substances such as oxygen scavenging agents. Oxygen scavengers are applied to packaging to
preserve the quality of oxygen-sensitive products. This study investigated the potential of MCC as
a novel carrier system for unsaturated fatty acids (UFAs), with the intention of developing an oxygen
scavenger. Linoleic acid (LA) and oleic acid (OA) were loaded on MCC powder, and the loaded
MCC particles were characterized and studied for their oxygen scavenging activity. For both LA
and OA, amounts of 20 wt% loading on MCC were found to provide optimal surface area/volume
ratios. Spreading UFAs over large surface areas of 31.6 and 49 m2 g−1 MCC enabled oxygen exposure
and action on a multitude of molecular sites, resulting in oxygen scavenging rates of 12.2 ± 0.6
and 1.7 ± 0.2 mL O2 d−1 g−1, and maximum oxygen absorption capacities of >195.6 ± 13.5 and
>165.0 ± 2.0 mL g−1, respectively. Oxygen scavenging activity decreased with increasing humidity
(37–100% RH) and increased with rising temperatures (5–30 ◦C). Overall, highly porous MCC was
concluded to be a suitable UFA carrier for oxygen scavenging applications in food packaging.
Keywords: active packaging; oxygen scavenger; unsaturated fatty acids; linoleic acid; oleic acid;
modified calcium carbonate
1. Introduction
Oxygen can negatively affect the quality of packaged food, as it can promote oxidative
or microbial spoilage of the food product. This can lead to color change, loss of nutritional
value or sensorial alteration of the food due to the formation of by-products, which can
produce off flavours and undesired odours [1,2]. To overcome this, oxygen sensitive prod-
ucts are mainly packed by flushing the headspace with nitrogen or applying modified
atmosphere, replacing the air in the headspace with a defined gas mixture without oxy-
gen. However, it is not possible to fully remove the oxygen, due to inefficiencies during
the flushing or evacuation process. Additionally, oxygen may also diffuse through the
packaging material while it is being stored, which may still result in a decrease in food
quality. Oxygen scavengers, however, have the potential to remove the residual oxygen
from a package, as well as any oxygen that diffuses through the packaging material at
a later time [3,4]. Although several oxygen scavengers have been developed and charac-
terized [4,5], most commercially available oxygen scavengers are iron-based sachets [6].
Sachet-based applications, however, have several drawbacks. For instance, the sachets
could accidentally rupture, leading to involuntary consumption. In addition, they require
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an additional packaging step, and they lack consumer acceptance [7,8], especially when
they are used with certain foods like meat products [7,9,10]. Thus, active ingredients should
be preferably integrated into the packaging materials. Some of the oxygen scavenging
agents, such as iron [11–13] or palladium [14–16], have been successfully incorporated into
the packaging films by using extrusion, impregnation, or vacuum coating technologies.
However, integrating other scavenging agents (e.g., gallic acid, ascorbic acid, enzymes, and
unsaturated fatty acids) remains challenging [17].
With respect to matrix integration, highly porous particles are increasingly being
used as carriers for active ingredients [18,19] for pharmaceutical and food applications,
to increase solubility of hydrophobic substances in water [20] or to control the release of
active ingredients [21–23]. Omya International AG has developed a range of modified
calcium carbonates (MCC), small inorganic composite particles (5–15 µm) of hydroxyapatite
and calcium carbonate crystals with a hydrophilic surface and high porosity and surface
area [24]. This development is based on exposing natural ground calcium carbonate
to acids under specific conditions. Their high surface area, which is enlarged by their
porous internal structure, makes them potential candidates for use as carriers for oxygen
scavenging agents. Thereby, the extended surface area of MCC is ideal for higher oxidation
kinetics [25]. In a recent study, MCC has been shown to have high potential to dope
liquid agents such as essential oils [23] and for integration into the packaging as a coating.
Therefore, MCC is believed to have a high potential for use as a carrier system for oxygen
scavenging agents being integrated into packaging.
Unsaturated fatty acids (UFAs) are commonly used as plasticizers for the production
of packaging materials [26–28], but they are also known for their ability to scavenge
oxygen [29–31]. Thereby, the scavenging mechanism relies on autoxidation reactions
with atmospheric triplet oxygen (3O2) and, in contrast to some other scavenging systems,
it does not require the presence of water for propagation of the reaction [2,29]. Thus,
UFA-based oxygen scavenging systems have great potential for use as oxygen scavengers,
especially for dry products [32]. In the present study, the potential of MCC was therefore
investigated as a novel carrier system for UFAs. In this context, MCC has been utilised for
oxygen scavenging purposes for the first time. Oleic acid (OA, octadecenoic acid, 18:1) and
linoleic acid (LA, octadecadienoic acid, 18:2) were loaded on the MCC powder and their
oxygen scavenging potential was evaluated. In particular, the effects of the UFA loading
amount, temperature, and humidity on the oxygen scavenging activity were investigated.
In addition, the oxygen scavenging capacity was determined and the storage stability of
the MCC loaded with oleic and linoleic acid was evaluated.
2. Materials and Methods
2.1. Loading of MCC with UFAs
Modified calcium carbonates (MCC) were supplied by Omya International AG (Oftrin-
gen, Switzerland) as a powder of median particle size (Malvern Mastersizer 3000, Almelo,
The Netherlands; dry measurements, d50%) of 5.0 µm, top cut (d98%) of 13 µm and spe-
cific surface area [33] of 103 m2 g−1. Oleic acid (OA, 364525, technical grade 90%) and
linoleic acid (LA, 62240, technical 60–74%, GC) were supplied by Sigma-Aldrich, Buchs
SG, Switzerland.
MCC was loaded with 9.1, 20, and 41.2 wt% oleic acid and 10, 20, and 30 wt% linoleic
acid. For loading on the MCC, the unsaturated fatty acids (UFAs) were added dropwise
to the MCC powder under constant mechanical stirring (300 rpm) using a lab stirrer
(Somakon MP-GL, Somakon Verfahrenstechnik UG, Germany; vessel volume: 2.5 L) at
room temperature. The loaded MCC was stirred for 10 additional minutes after adding
the whole amount of the respective UFA. The loaded MCC was stored under nitrogen at
21 ± 1 ◦C in the dark until use.
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2.2. Characterisation of MCC Loaded with UFAs
2.2.1. Mercury Intrusion Porosimetry (MIP)
The specific pore volume was measured using a mercury intrusion porosimetry mea-
surement using a Micromeritics Autopore V 9620 mercury porosimeter with a maximum
applied pressure of mercury 414 MPa (60,000 psi), equivalent to a Laplace throat diameter
of 0.004 µm. The equilibration time used at each pressure step was 20 s. The sample
material was sealed in a 5 mL chamber powder penetrometer for analysis. The data were
corrected for mercury compression, penetrometer expansion, and sample material compres-
sion according to the methodology presented in the study of Gane [34] using the software
“Pore-Cor” (pore-level properties correlator).
2.2.2. Brunauer–Emmett–Teller (BET) Analysis of the Specific Surface Area
The specific surface area was determined using the Brunauer–Emmett–Teller (BET)
standard method (ISO 9277–2010 [33]). Nitrogen adsorption was recorded at 77.35 K using
a Micromeritics TriStar II Plus surface area analyser (ATS Scientific Inc., Burlington, ON,
Canada). The surface area was specified in m2 g−1 by the MicroActive software TriStar
II 3020 Version 3.02 according to the BET surface area plots shown in Figure A1 in the
Appendix A.
2.2.3. Field Emission Scanning Electron Microscopy (SEM)
MCC powder was immobilised on C-Tape and sputtered with a gold layer of 8 nm
(Safematic CCU-010 HV, Zizers, Switzerland). Samples were analysed with field-emission
scanning electron microscope (FESEM, Zeiss Sigma VP, Oberkochen, Germany; acceleration
voltage: 2 kV, aperture: 30 µm, distance: 5 mm, detector: secondary electron detector SE2).
2.3. Sample Preparation for Evaluation of Oxygen Scavenging Activity
Sample preparation was performed in a clove box (CaptairPyramid, Erlab, Val-de-
Reuil, France) under exclusion of oxygen (about 0.1 vol.-%). Therefore, 1.000 ± 0.010 g of
MCC loaded with UFA or pure MCC (negative control) were filled in heat sealable tea bags
(55 mm × 80 mm, Special Tea Company®, Orlando, FL, USA) and sealed with a hand heat
impulse sealer (400 HC, TRL EMC Ltd., Skelmersdale, UK). Pure oleic and linoleic acid
were also tested, in the same amount as what was loaded on MCC. For that purpose, the
pure UFA were placed in a glass petri dish lid (9.5 cm inner diameter, 1 cm height). Sample
preparation was performed just prior to packaging.
2.4. Setting of Controlled in-Package Humidity
Control of the relative humidity (RH) in the packaging headspace was accomplished
using different saturated salt solutions resulting in RH’s of 37, 47, 67, 77, 83, 87, 100% [35–37].
Magnesium chloride (anhydrous > 98.0%), potassium carbonate (BioXtra, ≥99.0%), sodium
hydrogen sulphate (technical grade), sodium chloride (BioXtra, ≥99.5%) ammonium sul-
phate (BioUltra, ≥99.0%), sodium sulphate (anhydrous, ≥99.0%), and demineralized water,
were applied. All salts were supplied by Sigma-Aldrich, Buchs SG, Switzerland. Each salt
solution was prepared in the same way by dissolving the salt in demineralized water via
strong shaking and placing in an ultrasonic bath (USC1200D, VWR International, Leuven,
Belgium) for 10 min at 25 ◦C on power-level 9. Solutions of salts with exothermic enthalpy
were periodically placed in an ice water bath to accelerate the solution process. To ensure
saturation of the solutions, salt was added in excess. All solutions were degassed in the
ultrasonic bath for 5 min, degassed with nitrogen, and stored at 21 ◦C in the dark. To
inhibit microbial growth in the pure demineralized water, silver nitrate (Silver nitrate
solution, 0.1 N, Merck KGaA, Darmstadt, Germany) was added in a concentration of
0.2 mmol L−1. For packaging, 20 mL of each solution was placed in a glass petri dish lid
(9.5 cm inner diameter, 1 cm height). To ensure that the solutions remained saturated
during the measurements, approximately 1 g of the corresponding salts was added to
the solution.
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2.5. Packaging Process and Measurement of Oxygen Scavenging Activity
High barrier packaging trays (PS-EVOH-PE with peel, 0.5 mm, 204 mm× 147 mm,
8 and 14 mm height, Stäger & Co AG, Muri, Switzerland) were used. For packages
containing tea bags only, trays which were 8 mm in height were used (volume 250 mL).
For the tests under controlled RH and pure UFAs, the petri dish containing the water
or salt solution was placed in trays which were 14 mm in height and glass beads were
added to ensure a uniform headspace volume of 250 mL for all experiments. Tea bags
filled with MCC or loaded MCC were fixed on the inner side of the lidding film (Ecoweb
M/Pap 57 AF, PET/PE/EVOH/PE peel, Südpack Verpackungen, Ochsenhausen, Germany;
O2 transmission rate ≤ 2.5 cm3 m−2 d−1 bar−1 at 23 ◦C and 50% relative humidity) with
an adhesive tape (tesafix® 4934, Tesa, Offenburg, Germany). To evaluate the oxygen
scavenging activity (OSA), an oxygen sensitive sensor spot (PST3 for normal atmosphere
(NA) and PST6 for modified atmosphere (MAP), 3 mm diameter, PreSens, Regensburg,
Germany) was glued to the inner side of the lidding film prior to sealing. Figure 1 shows
an example package setting.
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at 125 °C. The OSA measurements were performed by a non-destructive measurement 
method using fibre optic optodes Fibox 4 trace (PreSens, Regensburg, Germany). The 
Figure 1. Example package setting for oxygen scavenging measurements. High barrier tray contain-
ing 1 g modified calcium carbonate (MCC) powder loaded with UFAs in a sealable teabag fixed on
the lidding film, a petri dish filled with a saturated salt solution, glass beads to adjust the headspace
volume and an oxygen sensitive sensor spot (red).
The NA packages were sealed at 125 ◦C using a tray sealer (T200, Multivac, Hünenberg,
Switzerland). For MAP, a vacuum of 50 mbar was applied, the tray was flushed with a gas
mixture (2 vol.-% O2 and 98 vol.-% N2) until 900 mbar was achieved and then sealed
at 125 ◦C. The OSA measurements were performed by a non-destructive measurement
method using fibre optic optodes Fibox 4 trace (PreSens, Regensburg, Germany). The
measurements were carried out in a climate chamber (KBF 720, Binder GmbH, Tuttlingen,
Germany) at 21 ± 1 ◦C and 30 ± 1 ◦C at 50% RH and in a cold-storage room (Kolb Kälte AG,
Rüthi, Switzerland) at 5 ± 1 ◦C. To simplify, oxygen scavenging rates (OSR) were calculated
by determining the slope of the initial linear part of the progression of oxygen concentration
in the package. All experiments were carried out in triplicate or quadruplicate.
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3. Results
Surface-modified calcium carbonate (MCC) powder was loaded with unsaturated fatty
acids (UFAs), namely oleic acid (OA) and linoleic acid (LA), with the intention to develop
novel oxygen scavenging applications. To evaluate the potential of MCC as a carrier for
UFAs, structural properties of MCC loaded with UFAs were analysed and their oxygen
scavenging performance was evaluated under varying conditions.
3.1. Structural Properties of MCC Loaded with UFAs
MCC and MCC loaded with LA and OA were characterized with respect to their intra
particle pore volume (Mercury intrusion porosimetry) and specific surface area (Brunauer–
Emmett–Teller (BET) analysis). BET surface area plots are presented in Figure A1 in
the Appendix A and the specific surface areas are listed in Table 1. The results clearly
demonstrate that the void space of the unloaded MCC was partially filled with UFAs. The
increase in the loading amount of UFAs (from 9.1–41.5 wt% for OA and 10–30 wt% for LA)
resulted in a decrease in the intra particle specific pore volume (from 0.802–0.163 cm−3 g−1
for OA and from 0.766–0.352 cm−3 g−1 for LA) as well as in the specific surface area (from
72–6.6 m2 g−1 for OA and from 60–8.9 m2 g−1 for LA). The results also show that even
with the highest loading amounts of UFA, the pores of the MCCs have not been fully filled.
This was also confirmed by the scanning electron microscopy (SEM) images of the MCC
(Figure 2a) and MCC loaded with UFA (Figure 2b,c). As can be seen, the porous structure
of the MCC loaded with 20 wt% LA (Figure 2b) or 20 wt% of OA (Figure 2c) was retained
and the pores were not fully loaded.
Table 1. Intra particle pore volume and specific surface area of loaded and unloaded MCC. Mean
values (n = 2).
Sample
Total Intra Particle Intruded
Specific Pore Volume
(0.004–0.34 µm) cm−3 g−1
Specific Surface Area m2 g−1
1.019 103
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Figure 2. Scanning electron microscope (SEM) images of modified calcium carbonate (MCC) at 7500× magnification:
(a) unloaded MCC, (b) MCC loaded with linoleic acid (20 wt%) and (c) MCC loaded with oleic acid (20 wt%).
3.2. Oxygen Scavenging Activity
The oxygen scavenging activity of MCC loaded with UFAs was evaluated by moni-
toring the decrease in the oxygen concentration in the headspace of the high barrier trays
(containing loaded MCC) over time. An initial oxygen concentration of 2 vol.-% was intro-
duced into the package to imitate the residual amount of oxygen remaining in packages at
industrial production lines. The effect of the loading amount of UFAs, as well as the effects
of temperature and relative humidity on the oxygen scavenging activity of the loaded
MCCs were studied. Additionally, maximum oxygen absorption capacity and storage
stability of the loaded MCC was evaluated.
3.2.1. Effect of Loading Amount on the Oxygen Scavenging Activity of MCC Loaded
with UFAs
In order to find the optimal loading amount of oleic and linoleic acid, three different
amounts of each UFA were loaded on MCC and the oxygen scavenging activity (OSA) of
the loaded MCC was evaluated. For comparison, the OSA of pure oleic and linoleic acid,
was measured under the same conditions. As shown in Figure 3, with a loading amount of
20 wt% oleic acid (OA), the 2 vol.-% initial headspace oxygen was removed within 20 days
resulting in an oxygen scavenging rate of (OSR) of 1.7 ± 0.2 mL O2 d−1 gOA−1. For both
higher (41.2 wt% OA) and lower (9.1 wt% OA) loading amounts, OSRs were remarkably
lower with 0.3 ± 0.0 and 0.2 ± 0.1 mL O2 d−1 gOA−1, respectively. Whereas with the
MCC loaded with the 41.2 wt% OA 50 days were required to remove all the headspace
oxygen, with the 9.1 wt% loading, and it was not possible to remove the 2 vol.-% oxygen
within the six month-test period. In order to compare the oxygen scavenging activity of the
loaded MCC with the pure OA, 0.2 g pure OA (referring to the OA amount in the 20 wt%
sample) was packed and stored under the same conditions. As can be seen in Figure 3,
the evolution of oxygen concentration in the package with pure OA is very similar to the
empty packages, indicating that the pure OA alone was not able to scavenge any significant
amount of oxygen within the test period.
When MCC was loaded with linoleic acid (LA), OSA was remarkably higher for
all loading amounts (10, 20, and 30 wt% LA) compared to that of OA. As shown in
Figure 4, with a loading amount of 10 wt% LA, the 2 vol.-% initial headspace oxygen
was removed within eight days with an OSR of 7.8 ± 0.4 mL O2 d−1 gLA−1. When the
loading amount of LA was increased to 20 wt%, time to scavenge all oxygen in the package
decreased to two days resulting in an OSR of 12.2 ± 0.6 mL O2 d−1 gLA−1. Further increase
of the loading amount to 30 wt% resulted in a decrease in oxygen scavenging activity
(6.5 ± 0.6 mL O2 d−1 gLA−1) and the time to remove all oxygen in the headspace increased
to 2.75 days. In contrast to pure OA (Figure 4), pure LA showed oxygen scavenging activity.
By applying 0.2 g of pure LA (referring to the LA amount in the 20 wt% sample), the
2 vol.-% initial headspace oxygen was removed within 43 days resulting in an OSR of
1.4 ± 0.1 mL O2 d−1 gLA−1.
Materials 2021, 14, 5000 7 of 19




Figure 3. Oxygen concentration in packages containing 1 g modified calcium carbonate (MCC) loaded with 9.1, 20, and 
41.2 wt% oleic acid, 0.2 g pure oleic acid and empty package. Packed under modified atmosphere (MAP, 2 vol.-% O2, rest 
N2; headspace 250 mL) and stored at 21 °C. Mean values and standard deviation (n = 4). 
When MCC was loaded with linoleic acid (LA), OSA was remarkably higher for all 
loading amounts (10, 20, and 30 wt% LA) compared to that of OA. As shown in Figure 4, 
with a loading amount of 10 wt% LA, the 2 vol.-% initial headspace oxygen was removed 
within eight days with an OSR of 7.8 ± 0.4 mL O2 d−1 gLA−1. When the loading amount of 
LA was increased to 20 wt%, time to scavenge all oxygen in the package decreased to two 
days resulting in an OSR of 12.2 ± 0.6 mL O2 d−1 gLA−1. Further increase of the loading 
amount to 30 wt% resulted in a decrease in oxygen scavenging activity (6.5 ± 0.6 mL O2 
d−1 gLA−1) and the time to remove all oxygen in the headspace increased to 2.75 days. In 
contrast to pure OA (Figure 4), pure LA showed oxygen scavenging activity. By applying 
0.2 g of pure LA (referring to the LA amount in the 20 wt% sample), the 2 vol.-% initial 
headspace oxygen was removed within 43 days resulting in an OSR of 1.4 ± 0.1 mL O2 d−1 
gLA−1. 
Figure 3. Oxygen concentration in packages containing 1 g odified calcium carbonate (MCC)
loaded with 9.1, 20, and 41.2 wt% oleic acid, 0.2 g pure oleic acid and empty package. Packed under
modified atmosphere (MAP, 2 vol.-% O2, rest N2; headspace 250 mL) and stored at 21 ◦C. Mean
values and standard deviation (n = 4).
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enging activities were studied at 5, 21, and 30 °C. The relative humidity in the package 
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the oxygen scavenging activity of MCC loaded with UFAs. When MCC loaded with OA 
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3.2.2. Effect of Temperature on the Oxygen Scavenging Activity of MCC Loaded
with UFAs
To examine the effect of temperature on the oxygen scavenging activity of loaded
MCC, MCC was loaded with 20 wt% oleic acid and linoleic acid, and their oxygen scav-
enging activities were studied at 5, 21, and 30 ◦C. The relative humidity in the package
was about 50% RH. Figures 5 and 6 clearly show that temperature has a strong impact
on the oxygen scavenging activity of MCC loaded with UFAs. When MCC loaded with
OA were stored at 30 ◦C, the initiation phase of the oxidation, where the oxygen concen-
tration did not decrease significantly, was only two days. Afterwards, in the propagation
phase, oxygen concentration started to decrease and reached <0.01 vol.-% between 16
and 17 days, resulting in an OSR of 2.1 ± 0.0 mL O2 d−1 gOA−1 (determined between
day 3 and 15). Decrease in temperature to 21 ◦C increased the initiation phase to six days.
Afterwards oxygen concentration decreased to 0.42 vol.-% within 28 days with a lower OSR
of 1.0 ± 0.0 mL O2 d−1 gOA−1 (determined between day 6 and 28). When the temperature
was further decreased to 5 ◦C, the initiation phase was further extended to more than
28 days and no significant decrease in the oxygen concentration was observed during
this period.




Figure 5. Oxygen concentration in packages containing 1 g modified calcium carbonate (MCC) loaded with 20 wt% oleic 
acid stored at 5, 21, and 30 °C, and ~50% RH inside the package and of empty package settings stored under the same 
conditions. Packed under modified atmosphere (MAP, 2 vol.-% O2, rest N2; headspace 250 mL). Mean values and standard 
deviation (n = 3). 
Figure 5. Oxygen c centration in packages containing 1 g modified calcium carbonate (MCC)
loaded with 20 wt% oleic acid stored at 5, 21, and 30 ◦C, and ~50% RH inside the package and of
empty package settings stored under the same conditions. Packed under modified atmosphere (MAP,
2 vol.-% O2, rest N2; headspace 250 mL). Mean values and standard deviation (n = 3).
When MCC loaded with LA was stored at 30 ◦C, oxygen concentration started to
decrease immediately and reached <0.01 vol.-% after two days, resulting in an OSR of
16.6 ± 0.1 mL O2 d−1 gLA−1 (Figure 6). Decrease in temperature to 21 ◦C reduced the OSR
to 8.2 ± 0.2 mL O2 d−1 gLA−1 and all the oxygen was scavenged within 4.5 days. At both
conditions, no clear initiation phase was observed. Conversely, at 5 ◦C, an initiation phase
was observed to last five days. Afterwards, oxygen concentration decreased to <0.01 vol.-%
after 21 days resulting in an OSR of 2.1 ± 0.2 mL O2 d−1 gLA−1.
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21 days resulting in an OSR of 2.1 ± 0.2 mL O2 d−1 gLA−1. 
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with UFAs 
Oleic acid and linoleic acid loaded MCC was packed under various relative humidi-
ties inside the packages, ranging from 37–100% RH and their oxygen scavenging activity 
was evaluated. Figure 7 shows the effect of relative humidity on the oxygen scavenging 
activity (OSA) of OA loaded MCC. As can be seen in Figure 7, relative humidity negatively 
affects the oxygen scavenging activity of the loaded MCC. Under relatively dry conditions 
(37 and 47% RH), an initiation phase of about six days was observed. Afterwards, an ox-
ygen scavenging rate of 1.1 ± 0.0 mL O2 d−1 gOA−1 at both 37 and 47% RH was observed. At 
67% RH, the initial phase was prolonged to 10 days, and the OSR was decreased to 0.6 ± 
0.0 mL O2 d−1 gOA−1. At higher relative humidities, the end of the initial phase could not be 
recognized during the measurement time of 28 days. At 87 and 100% RH, no OSA was 
observed. In the packages with 83 and 87% RH, the oxygen concentration remained rela-
tively constant, while in the packages with 100% RH it increased from an initial value of 
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loa ed with 20 wt% linoleic acid stored at 5, 21, and 30 ◦C, and ~50% RH in the package and of e pty
packages stored under the same conditions. Packed under modified atmosphere (MAP, 2 vol.-% O2,
rest N2; headspace 250 mL). Mean values and standard deviation (n = 3).
3.2.3. Effect of Relative Humidity on the Oxygen Scavenging Activity of MCC Loaded
with UFAs
Oleic acid and linoleic acid loaded MCC was packed under various relative humidities
inside the packages, ranging from 37–100% RH and their oxygen scavenging activity was
evaluated. Figure 7 shows the effect of relative humidity on the oxygen scavenging activity
(OSA) of OA loaded MCC. As can be seen in Figure 7, relative humidity negatively affects
the oxygen scavenging activity of the loaded MCC. Under relatively dry conditions (37
and 47% RH), an initiation phase of about six days was observed. Afterwards, an oxygen
scavenging rate of 1.1 ± 0.0 mL O2 d−1 gOA−1 at both 37 and 47% RH was observed.
At 67% RH, the initial phase was prolonged to 10 days, and the OSR was decreased to
0.6 ± 0.0 mL O2 d−1 gOA−1. At higher relative humidities, the end of the initial phase could
not be recognized during the measurement time of 28 days. At 87 and 100% RH, no OSA
was observed. In the packages with 83 and 87% RH, the oxygen concentration remained
relatively constant, while in the packages with 100% RH it increased from an initial value
of 2.1–3.3 vol.-% within 28 days. This can be attributed to the oxygen ingress from the
environment as shown in Figure A2 in the Appendix A. Packaging materials (tray and
lidding film) used in this study contained ethylene vinyl alcohol (EVOH) as an oxygen
barrier. At high relative humidity, the permeability of EVOH for oxygen increases [38].
In empty packages with humidities from 37–87% RH, only a slight incre se in oxygen
concentration of 0.3 ± 0.1 vol.-% was detected within the 28 days, whil under 100% RH
an oxygen ingress of 0.7 ± 0.2 vol.-% was observed (Figure A2).
A similar effect of relative humidity on the oxygen scavenging activities, i.e., decrease
in the oxygen scavenging activity accompanied by an increase in relative humidity was
observed for the linoleic acid loaded MCC (Figure 8). LA loaded MCC, however, could
successfully scavenge all the oxygen in the headspace within 12 days, with 4.25 days being
the fastest at 37% RH, and 12 days being required at 100% RH. With regard to the OSA of
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LA loaded MCC at 100% RH, shown in Figure 8, an oxygen ingress of 0.5 vol.-% has to be
considered for day 12, as shown in Figure A2, while for lower RHs this ingress is negligible.
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3.3. Oxygen Absorption Capacity of MCC Loaded with UFAs 
To determine the maximum oxygen absorption capacity of the MCC loaded with 
oleic and linoleic acid, they were packed at normal atmosphere (20.9 vol.-% O2) and oxy-
gen concentration was monitored until depletion. As shown in Figure 9, maximum oxy-
gen absorption capacity of MCC with UFAs was determined after six months as >195.6 ± 
13.5 mL gLA−1 and >153.8 ± 4.7 mL gOA−1. For the pure LA, oxygen absorption capacity was 
>161.6 ± 3.4 mL gLA−1. The maximum absorption capacities are probably slightly higher 
than the given values due to the oxygen ingress into the packages during the storage time. 
However, the oxygen ingress at the experimental conditions (21 °C and 50% RH) is ex-
pected to be very low and below the standard deviations of the maximum oxygen absorp-
tion capacities. 
Figure 8. Oxygen co centr tion i packages containing 1 g odified calcium carbonate (MCC)
loaded with 20 wt% linoleic acid stored at 21 ◦C, and 37–100% RH in the ackage. Packed under
modified atmosphere (MAP, 2 vol.-% O2, rest N2; headspace 250 mL). Mean values and standard
deviation (n = 3).
3.3. Oxygen Absorption Capacity of MCC Loaded with UFAs
To determine the maximum oxyg n absor tion c pacity of the MCC loaded with
oleic and linoleic acid, they were packed at normal atmosphere (20.9 vol.-% O2) and
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oxygen concentration was monitored until depletion. As shown in Figure 9, maximum
oxygen absorption capacity of MCC with UFAs was determined after six months as
>195.6 ± 13.5 mL gLA−1 and >153.8 ± 4.7 mL gOA−1. For the pure LA, oxygen absorption
capacity was >161.6 ± 3.4 mL gLA−1. The maximum absorption capacities are probably
slightly higher than the given values due to the oxygen ingress into the packages during
the storage time. However, the oxygen ingress at the experimental conditions (21 ◦C and
50% RH) is expected to be very low and below the standard deviations of the maximum
oxygen absorption capacities.




Figure 9. Oxygen absorption capacity of oleic and linoleic acid measured in packages containing 1 
g modified calcium carbonate (MCC) loaded with 20 wt% oleic acid and linoleic acid, and 0.2 g 
pure linoleic acid. Packed under normal atmosphere (NA; headspace 250 mL), ~50% RH in the 
package and stored at 21 °C. Mean values and standard deviation (n = 4). 
3.4. Storage Stability of MCC Loaded with UFAs 
In order to evaluate how long the loaded MCC can be stored, MCC loaded with UFAs 
was stored under nitrogen in the dark at 21 °C, as described in Section 2.1, and their oxy-
gen scavenging activity (OSA) was evaluated after one, three, and six months of storage. 
As shown in Figure 10, OSA of MCC loaded with OA declined during storage and the 
time required to remove the 2 vol.-% initial oxygen increased with increasing storage time 
from 20 to 28, 35, and 69 days after one, three, and six months, respectively. As depicted 
in Figure 10, the reduced activity is due to the prolongation of the initiation phase. The 
longer the storage time was the longer the initiation time was. Contrastingly, the average 
OSR (linear part of the slope) remained relatively constant with 1.7 ± 0.2, 1.7 ± 0.1, 1.9 ± 
0.6, and 1.2 ± 0.2 mL O2 d−1 gOA−1 at day zero and one, three, and six months of storage, 
respectively. 
. xygen absorption capacity of oleic and linoleic acid measured in packages containing 1 g
modified calcium carbonate (MCC) loaded ith 20 t oleic acid and linoleic acid, and 0.2 g pure
linoleic acid. Packed under normal atmosphere (NA; headspace 250 mL), ~50% RH in the package
and stored at 21 ◦C. Mean values and standard deviation (n = 4).
. . torage Stability of CC Loaded with UFAs
I order to evaluate how long the loaded MCC can be stored, MCC loaded with
UFAs was stored under nitrogen in the dark t 21 ◦C, as described in Section 2.1, and
their oxygen scavenging activity (OSA) was evaluated after one, three, a d six m nths of
storage. As shown in Figure 10, OSA f MCC loaded with OA eclined during storage
and the time required to rem ve the 2 v l.-% i itial oxygen increased with increasing
st rage time from 20 to 28, 35, and 69 days after one, three, and six months, respectively. As
depicted in Figure 10, the reduced activity is due t the prolongation of the i itiation phase.
The longer the storage time was the longer the initiation time w s. Contrastingly, the
average OSR (linear part f the slope) remained relatively constant with 1.7 ± 0.2, 1.7 ± 0.1,
1.9 ± 0.6, and 1.2 ± 0.2 mL O2 d−1 gOA−1 at day zero and one, three, a d six months of
storage, respectively.
MCC loaded with LA showed a similar trend as OA loaded MCC, although it ap-
pears that the MCC loaded with LA is more stable in the first months (Figure 11). OSR
also remained relatively stable within this timespan with 12.2 ± 0.6, 15.4 ± 0.7, and
11.1 ± 0.6 mL O2 d−1 gLA−1 at day zero and after one and three months of storage, re-
spectively. After six months of storage, a clear decrease in oxygen scavenging activity
was observed.
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4. Discussion 
So far, modified calcium carbonate (MCC) has been used as a carrier for release ap-
plications of pharmaceuticals [21,22]. More recently, MCC was uniquely investigated for 
the development of antimicrobial packaging demonstrating a controlled release of anti-
microbial agents [23]. In the present study, the potential of MCC powder as carrier for 
unsaturated fatty acids (UFAs) to be used as oxygen scavengers has been shown. MCC 
was loaded with oleic acid (OA) and linoleic acid (LA), and oxygen scavenging activity 
(OSA) of the loaded MCC was evaluated under various conditions.  
Theoretically, oxygen uptake of fatty acids can follow three different types of reaction 
mechanisms namely β-oxidation, photosensitized oxidation, and autoxidation [2,39]. 
Within this study, it is our understanding that only autoxidation of oxygen takes place 
according to the reaction conditions and experimental setup. β-oxidation takes place in 
the presence of enzymes and is described in the fatty acid metabolism only. Photosensi-
tized oxidation can also be excluded due to the lack of additional photosensitizes in the 
package and the experimental setup in the dark (package was stored in a climate chamber 
or fridge). Autoxidation of UFAs is described as a radical chain mechanism taking place 
at the double bonds of the fatty acid chain and can be divided into three phases: initiation, 
propagation, and termination. Thereby, both the duration of the initiation phase as well 
as the reaction rate in the propagation phase are dependent on the number of double 
bonds of the fatty acid chains [40,41]. Consequently, among all conditions tested (Section 
3.2, Oxygen scavenging activity), different oxygen scavenging activities were observed for 
the applied fatty acids OA and LA, due to their given chemical structure. To initiate oxy-
gen uptake, energy is required to remove hydrogen atoms adjacent to the double bond(s) 
. Oxygen scavenging co centration f mo ified cal ium carbonate (MCC) loaded with
20 wt% linoleic acid packed under modified atmosphere (MAP, 2 vol.-% O2, rest N2; headspace
250 mL), ~50% RH in the package and stored at 21 ◦C. Freshly produced linoleic acid loaded MCC
and same batch after one, three, and six months of storage at 21 ◦C under nitrogen and in the dark.
Mean values and standard deviation (n = 4).
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4. Discussion
So far, modified calcium carbonate (MCC) has been used as a carrier for release
applications of pharmaceuticals [21,22]. More recently, MCC was uniquely investigated
for the development of antimicrobial packaging demonstrating a controlled release of
antimicrobial agents [23]. In the present study, the potential of MCC powder as carrier for
unsaturated fatty acids (UFAs) to be used as oxygen scavengers has been shown. MCC
was loaded with oleic acid (OA) and linoleic acid (LA), and oxygen scavenging activity
(OSA) of the loaded MCC was evaluated under various conditions.
Theoretically, oxygen uptake of fatty acids can follow three different types of reac-
tion mechanisms namely β-oxidation, photosensitized oxidation, and autoxidation [2,39].
Within this study, it is our understanding that only autoxidation of oxygen takes place
according to the reaction conditions and experimental setup. β-oxidation takes place in the
presence of enzymes and is described in the fatty acid metabolism only. Photosensitized
oxidation can also be excluded due to the lack of additional photosensitizes in the pack-
age and the experimental setup in the dark (package was stored in a climate chamber or
fridge). Autoxidation of UFAs is described as a radical chain mechanism taking place at
the double bonds of the fatty acid chain and can be divided into three phases: initiation,
propagation, and termination. Thereby, both the duration of the initiation phase as well as
the reaction rate in the propagation phase are dependent on the number of double bonds
of the fatty acid chains [40,41]. Consequently, among all conditions tested (Section 3.2,
Oxygen scavenging activity), different oxygen scavenging activities were observed for the
applied fatty acids OA and LA, due to their given chemical structure. To initiate oxygen
uptake, energy is required to remove hydrogen atoms adjacent to the double bond(s) [42].
Thereby, hydrogen atoms, which are located in between two double bonds, need lower
energies for extraction. For this reason, the OSA of MCC loaded with LA, which has two
double bonds (18:2), was remarkably higher compared to that of OA, which has only one
double bond (18:1) and therefore a higher energy requirement for hydrogen extraction
from the molecule.
4.1. Effect of Loading Amount on the Oxygen Scavenging Activity of MCC Loaded with UFAs
MCC, the carrier material used in the present study, consists of partial recrystallized
calcium carbonate containing variable layers of lamellae of calcium phosphate (hydrox-
yapatite) on the surface of the particles providing a remarkably high specific surface area
of 103 m2 g−1, as visible on SEM images in Figure 2. In order to find the optimal loading
amount of linoleic acid (LA) and oleic acid (OA) for oxygen scavenging, three different
amounts of each UFA were loaded on MCC. As expected, an increase in the percent loading
amount of both LA and OA led to increased filling of the available void space in the porous
MCC. This was analytically confirmed by a reduction in intra particle specific pore volume
and specific surface area, as shown in Table 1. However, as visible on SEM images, recorded
from unloaded and UFA loaded MCC (Figure 2), the porous structure could be retained for
all loadings as the pores were not fully filled.
With respect to oxygen scavenging activity (OSA) for both OA (Figure 3) and LA
(Figure 4), a loading amount of 20 wt% was found to be the optimum, resulting in the
highest oxygen scavenging rates (OSR) compared to the samples with higher and lower
loadings of the respective UFA. Although more void space as well as a larger surface area
was available at lower loadings of OA and LA (Table 1), the resulting OSA of the 20 wt%
loadings indicate that with a 20 wt% UFA loading, where about half of the particle void
spaces are filled, an optimal surface area/volume ratio is provided. In contrast, at the
highest loadings, the OSA of both UFAs remarkably decreased, reflected by both strongly
reduced surface area as well as pore volume (Table 1). It is therefore assumed that at
loadings of 20 wt% and below, the UFAs are physically adsorbed on the MCC surface in the
form of monolayers. Such monolayer arrangements are reported to build two-dimensional
arrays of fatty acids at the interface between the substrate and the environment [43] which
means in our case that the fatty acid chains are directly accessible for oxygen scavenging
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reaction at loadings of 20 wt% and below whereas the accessibility of the fatty acid chains
is reduced at higher loadings.
Interestingly, in our study no oxygen scavenging activity was observed when pure
OA was packed in the referring amount of the 20 wt% OA loading and stored under the
same conditions. It is therefore assumed that the contact surface between oxygen and
the 0.2 g pure liquid OA (~1 cm2) was insufficient to initiate autoxidation of OA. The
observed increase in oxygen concentration in the package with pure OA can be attributed
to the oxygen diffusion into the package, as depicted in Figure 3 (empty package). In
packages containing pure LA, an oxygen uptake was observed, however, with an 8.7 times
lower scavenging rate compared to that of MCC loaded LA in the referring amount
(Figure 4). This difference is probably due to the low surface area (~1 cm2) of the 0.2 g pure
liquid LA, on the glass petri dish, compared to the high surface area of the LA (20 wt%)
distributed on porous MCC (0.527 cm3 g−1 intra particle pore volume and 31.6 m2 g−1
specific surface area after loading, Table 1). Furthermore, the diffusion of oxygen into the
pores (filled with headspace gas) of MCC loaded LA is much faster than the diffusion in
liquid LA which leads to a much faster reaction for MCC loaded LA than for pure liquid
LA [2]. The observations made in the present study are therefore in line with previous
studies describing that the extended surface area of MCC is ideal for higher oxidation
kinetics [25,44]. In this context, it was shown by Pfaller [44] that MCC acted as a booster in
the degradation of UFAs due to the spreading of the UFA over a large surface area, thus
enabling oxygen exposure and action on a multitude of molecular sites. This is supported
by the fact that the phenomenon is pronounced at lower loading levels and hence more
exposed surface area. Similarly, the phenomenon is diminished at full loading where the
pores are filled and oxygen access is strongly limited.
Comparison of OSA obtained in our study with the results of previous studies with
UFAs is difficult due to the different test conditions as well as different carrier matrices used.
Although many patent applications disclose UFAs as oxygen scavengers [29], scientific
studies with UFAs as scavengers are scarce. Miranda [31] investigated the integration of
oleic (18:1), linoleic (18:2), and linolenic (18:3) acid in poly(ethylene terephthalate) (PET) to
improve its oxygen barrier properties. Among all UFAs tested, linoleic acid was found to
have the highest potential as an oxygen scavenger due to its high utilization capacity (more
details in Section 4.4 Oxygen absorption capacity), relatively fast kinetics, and lower cost. In
a further study of Miranda [32], linoleic acid (0.5 wt%) was incorporated in PET bottles for
oxygen barrier improvement and an oxygen scavenging rate of about 0.62 mL O2 d−1 cm−2
was achieved with the PET/LA bottles.
4.2. Effect of Temperature on the Oxygen Scavenging Activity of MCC Loaded with UFAs
Oxidation reaction mechanisms of UFAs are highly temperature dependent [2,39,45–47].
To evaluate the potential use of MCC loaded with UFA in food packaging, oxygen scav-
enging activity of MCC loaded with oleic acid and linoleic acid was evaluated at 5 ◦C
complying with chilling room temperatures, 21 ◦C for ambient temperature and 30 ◦C
for conditions with elevated temperatures. The results shown in Figures 5 and 6 clearly
demonstrate a temperature dependency of oxygen uptake with MCC loaded OA and
LA, which is in correlation with previous experiments on oxidation of UFAs [2,45–47].
Furthermore, the observed prolongation of the initiation phase at decreasing temperatures
correlates with autoxidation behaviour of fatty acids reported in literature [2,39]. Mainly
the products stored at 5 ◦C are perishable products with high relative humidity and short
shelf lives. Since the oxygen scavenging rates of MCC loaded with UFAs are very low at
5 ◦C and high relative humidity, such scavenging systems are likely to be unsuitable for the
refrigerated food products. On the other hand, for dry products with low relative humidity
and stored at room temperature, MCC loaded with UFAs, especially with LA, have high
potential to be used as oxygen scavengers.
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4.3. Effect of Relative Humidity on the Oxygen Scavenging Activity of MCC Loaded with UFAs
Apart from temperature, relative humidity has also been identified as a major factor
to influence oxidation kinetics [48]. Depending on the water activity (aw) of a product that
is packed, the relative humidity in the packaging headspace will be different [41]. The most
common oxygen scavengers are based on iron and therefore have the serious disadvantage
that their oxygen scavenging reaction does not progress in the absence of water since water
is directly involved in the iron oxidation reaction [29]. Consequently, when dry products
are packed, scavenger activation requires the addition of water. This water, however, may
also migrate from the scavenger into the food, thereby negatively affecting the quality of
the dry food [48].
In UFA oxidation, water is not directly involved in the reaction mechanism. Never-
theless, humidity influences their oxidation susceptibility in a complex way [41]. Thereby,
different theories such as monolayer or glass transition theory on the effect of humidity
on lipid oxidation are discussed controversially [49]. According to the monolayer theory,
a monolayer of water covers the surface of the lipid, preventing it from direct exposure to
oxygen. Since glass transition theory is more applicable to foods containing protein and/or
saccharide polymers [50,51] monolayer theory could be more valid for the influence of
relative humidity on the oxidation of UFAs. Generally, a decrease in the oxidation rates of
UFAs with increasing humidity is reported [52]. This statement can be confirmed by the
results obtained in the present study (Figure 7, OA and Figure 8, LA) clearly demonstrating
the influence of RH on the oxygen scavenging activity of UFAs: The higher the RH, the
lower the OSA. Particularly with increasing RH, a prolongation of the initiation phase was
observed for both OA and LA. Thus, unsaturated fatty acids (UFAs) such as oleic or linoleic
acid have been concluded to be suitable oxygen scavenging agents for the application of
products with low or intermediary water activity. Based on the results obtained in the
present study, water activity of products packed with an oleic acid-based oxygen scavenger
are recommended to have an aw-value of <0.67, more preferably ≤0.47. For the application
of a linoleic acid-based oxygen scavenger, aw-value of packed products is recommended to
be ≤0.83, more preferably <0.67.
4.4. Oxygen Absorption Capacity of MCC Loaded with UFAs
The absorption capacity describes the maximum quantity of oxygen that can be
absorbed by a scavenging agent [48]. This property must be known to design an oxygen
scavenging packaging system where a specific amount of oxygen is aimed to be removed.
The amount of oxygen that can be absorbed by unsaturated fatty acids can be estimated
assuming that one mole of oxygen reacts with one mole of C=C. In the case of a 100%
reaction turnover, one mole of oxygen would react with one mole of oleic acid (18:1) and
two moles of oxygen with one mole of linoleic acid (18:2) [31].
For the UFAs loaded on MCC in the present study, a maximum oxygen absorption capac-
ity of >195.6 ± 13.5 mL gLA−1 and >153.8 ± 4.7 mL gOA−1 as well as >161.6 ± 3.4 mL gLA−1
for pure LA was determined after six months. By investigating pure UFAs, Miranda [31] re-
ported oxygen absorption capacities of 153 ± 5 mL gLA−1 and 10 ± 3 mL gOA−1. By adding
a catalyst, they showed that the capacity of LA slightly decreased to 144 ± 5 mL gLA−1,
whereas in the case of OA the capacity strongly increased to 70 ± 2 mL gOA−1.
4.5. Storage Stability of MCC Loaded with UFAs
In practice, oxygen scavengers might be produced in large lot sizes and stored for
some time after production and until their final application. For this reason, the storage
stability of the UFAs loaded MCC was observed over a time span of six months of storage
(under exclusion of oxygen). Whereas the average oxygen scavenging rates (linear part of
the slope) remained relatively stable with the MCC loaded with oleic acid OA (Figure 10)
or linoleic acid LA (Figure 11) over the whole storage period, the initiation phase of UFA
oxidation was clearly prolonged during the storage time of six months.
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The delayed initiation phase observed during the storage of the MCC loaded with OA
and LA could be due to an adhesion (physisorption) [53] of nitrogen atoms present in the
headspace of the storage container on the free reaction sites of the UFAs. The exchange of
these nitrogen atoms with oxygen atoms in the packaging during the oxygen scavenging
tests might have delayed the initiation of the oxidation.
Although UFA-based oxygen scavengers exhibit excellent oxygen scavenging proper-
ties, to the authors’ knowledge, no commercial application has been implemented so far.
A possible reason for this might be the main disadvantage that UFA oxidation comes along
with odour-active by-products such as low-molecular-weight organic acids, aldehydes,
or ketones, that occur during the reaction between the (poly-)unsaturated molecules and
oxygen [29,30,41]. Migration of such substances from the scavenger into the package must
therefore be prevented, since these molecules can adversely affect the sensory properties
of packaged foodstuffs, even at very low concentrations, leading to consumer rejection or
the raising of food regulatory issues. The application of functional barriers holding back
organic compounds but providing oxygen permeability could be a possible approach [29].
Another way to minimize this problem could be the use of absorber/adsorber materials,
particularly, if the UFAs are meant to be incorporated into polymer matrices.
5. Conclusions
In this study, it has been demonstrated that the highly porous modified calcium
carbonate (MCC) provides a suitable carrier for integration of UFAs to be used as oxygen
scavengers. MCC loaded with linoleic acid (LA) showed remarkably higher oxygen
scavenging rates (12.2 ± 0.6 O2 d−1 g−1), and slightly higher oxygen absorption capacities
(>195.6 ± 13.5 mL g−1), compared with MCC loaded with oleic acid (OA). For both LA
and OA, oxygen scavenging activity decreased with increasing humidity (37–100% RH)
and increased with rising temperatures (5–30 ◦C). Therefore, MCC loaded with UFAs
would be particularly suitable for food products with low water activity and that are stored
under non-refrigerated conditions. In a next step, MCC loaded with UFAs, most preferably
linoleic acid, could be integrated into a packaging material to further study the oxygen
scavenging performance under real packaging and storage conditions. In particular, food
products with high unsaturated fatty acid content, such as fatty fish, plant-based oils, seeds
or nuts, would be interesting to study the prevention of lipid oxidation. Additionally, it
would be also interesting to study the potential of use of MCC as a carrier for other oxygen
scavenging agents.
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i re . rface area plots of loaded and unloaded mod fied calcium carbonates (MCC)
(n = 2, Q = N2 amount adsorbed m3 g−1).




Figure A1. BET Surface area plots of loaded and unloaded modified calcium carbonates (MCC) (n 
= 2, Q = N2 amount adsorbed m3 g−1). 
 
Figure A2. Oxygen concentration in empty packages stored at 21 °C, and 37–100% RH in the pack-
age. Packed under modified atmosphere (MAP, 2 vol.-% O2, rest N2; headspace 250 mL). Mean val-
ues and standard deviation (n = 3). 
. concentration in empty packages tored at 21 ◦C, and 37–100% RH in the pack ge.
Packed un er modifie atmosphere (MAP, 2 vol.-% O2, rest N2; headspace 250 mL). Mean values
and standard deviation (n = 3).
Materials 2021, 14, 5000 18 of 19
References
1. Velasco, J.; Andersen, M.L.; Skibsted, L.H. Evaluation of oxidative stability of vegetable oils by monitoring the tendency to
radical formation. A comparison of electron spin resonance spectroscopy with the Rancimat method and differential scanning
calorimetry. Food Chem. 2004, 85, 623–632. [CrossRef]
2. Choe, E.; Min, D.B. Mechanisms and factors for edible oil oxidation. Compr. Rev. Food Sci. Food Saf. 2006, 5, 169–186. [CrossRef]
3. Arvanitoyannis, I.S.; Oikonomou, G. Active and intelligent packaging. In Modified Atmosphere and Active Packaging Technologies;
Arvanitoyannis, I.S., Ed.; CRC Press: Boca Raton, FL, USA, 2012; pp. 628–654.
4. Yildirim, S.; Röcker, B.; Pettersen, M.K.; Nilsen-Nygaard, J.; Ayhan, Z.; Rutkaite, R.; Radusin, T.; Suminska, P.; Marcos, B.; Coma,
V. Active packaging applications for food. Compr. Rev. Food Sci. Food Saf. 2018, 17, 165–199. [CrossRef]
5. Vilela, C.; Kurek, M.; Hayouka, Z.; Röcker, B.; Yildirim, S.; Antunes, M.D.C.; Nilsen-Nygaard, J.; Pettersen, M.K.; Freire, C.S.R.
A concise guide to active agents for active food packaging. Trends Food Sci. Technol. 2018, 80, 212–222. [CrossRef]
6. Dey, A.; Neogi, S. Oxygen scavengers for food packaging applications: A review. Trends Food Sci. Tech. 2019, 90, 26–34. [CrossRef]
7. Van Wezemael, L.; Ueland, Ø.; Verbeke, W. European consumer response to packaging technologies for improved beef safety.
Meat Sci. 2011, 89, 45–51. [CrossRef]
8. Wilson, C.T.; Harte, J.; Almenar, E. Effects of sachet presence on consumer product perception and active packaging acceptability—
A study of fresh-cut cantaloupe. LWT Food Sci. Technol. 2018, 92, 531–539. [CrossRef]
9. Mikkola, V.; Lähteenmäki, L.; Hurme, E.; Heiniö, R.-L.; Järvi-Kääriäinen, T.; Ahvenainen, R. Consumer Attitudes towards Oxygen
Absorbers in Food Packages; VTT Technical Research Centre of Finland: Espoo, Finland, 1997; pp. 1–34. Available online:
http://www.vtt.fi/inf/pdf/tiedotteet/1997/T1858.pdf (accessed on 6 July 2021).
10. O’Callaghan, K.A.M.; Kerry, J.P. Consumer attitudes towards the application of smart packaging technologies to cheese products.
Food Packag. Shelf Life 2016, 9, 1–9. [CrossRef]
11. Beckwith, S.; Edwards, F.B.; Rivett, J.; Ebner, C.L.; Kennedy, T.; Mcdowell, R.; Speer, D.V. Multilayer Film Having Active Oxygen
Barrier Layer and Iron-Based Oxygen Scavenging Layer. AU Patent 2008293811A1, 5 March 2009.
12. Foltynowicz, Z.; Kozak, W.; Stoinska, J.; Urbanska, M.; Muc, K.; Dominiak, A.; Kublicka, K. Nanoiron-Based Oxygen Scavengers.
U.S. Patent 20140004232, 2 January 2014.
13. Chau, C.-C. Methods of Making Oxygen Scavenging Articles Containing Moisture. U.S. Patent 20130075655A1, 28 March 2013.
14. Yildirim, S.; Röcker, B.; Rüegg, N.; Lohwasser, W. Development of Palladium-based Oxygen Scavenger: Optimization of Substrate
and Palladium Layer Thickness. Packag. Technol. Sci. 2015, 28, 710–718. [CrossRef]
15. Lohwasser, W.; Wanner, T. Composite System, Associated Use and Method for the Oxygen-Free Packaging of Items Susceptible to
Oxidation. CA Patent CA2628733A1, 31 May 2007.
16. Yildirim, S.; Jammet, J.C.; Lohwasser, W. Multi-Layer Film. European Patent 2,236,284, 6 October 2010.
17. Sängerlaub, S.; Glas, C.E.; Schlemmer, D.; Müller, K. Influence of multiple extrusions of blends made of polyethylene terephthalate
and an oxygen scavenger on processing and packaging-related properties. J. Plast. Film Sheeting 2020, 36, 260–284. [CrossRef]
18. Bertolino, V.; Cavallaro, G.; Milioto, S.; Lazzara, G. Polysaccharides/Halloysite nanotubes for smart bionanocomposite materials.
Carbohydr. Polym. 2020, 245, 116502. [CrossRef]
19. Tsagkalias, I.S.; Loukidi, A.; Chatzimichailidou, S.; Salmas, C.E.; Giannakas, A.E.; Achilias, D.S. Effect of Na- and Organo-Modified
Montmorillonite/Essential Oil Nanohybrids on the Kinetics of the In Situ Radical Polymerization of Styrene. Nanomaterials 2021,
11, 474. [CrossRef]
20. Johnson, M.L.; Noreland, D.; Gane, P.; Schoelkopf, J.; Ridgway, C.; Millqvist-Fureby, A. Porous calcium carbonate as a carrier
material to increase the dissolution rate of poorly soluble flavouring compounds. Food Funct. 2017, 8, 1627–1640. [CrossRef]
21. Stirnimann, T.; Di Maiuta, N.; Gerard, D.E.; Alles, R.; Huwyler, J.; Puchkov, M. Functionalized Calcium Carbonate as a novel
pharmaceutical excipient for the preparation of orally dispersible tablets. J. Pharm. Res. 2013, 30, 1915–1925. [CrossRef] [PubMed]
22. Eberle, V.A. Floating Gastroretentive Drug Delivery Systems Based on Functionalized Calcium Carbonate. Ph.D. Thesis,
University of Basel, Basel, Switzerland, 23 June 2015. [CrossRef]
23. Rüegg, N.; Beck, B.M.; Monnard, F.W.; Hilty, F.M.; Wicht, A.; Schoelkopf, J.; Yildirim, S. Evaluation of the potential of functionalised
calcium carbonate as carrier for essential oils with regard to antimicrobial packaging applications. Packag. Technol. Sci. 2020, 33,
333–343. [CrossRef]
24. Gantenbein, D.; Schoelkopf, J.; Matthews, G.P.; Gane, P.A.C. The use of porous high surface area calcium carbonate for the
adsorption of dissolved and colloidal substances from thermo mechanical pulp filtrates. Nord. Pulp Pap. Res. J. 2012, 27, 631–638.
[CrossRef]
25. Leofanti, G.; Padovan, M.; Tozzola, G.; Venturelli, B. Surface area and pore texture of catalysts. Catal. Today 1998, 41, 207–219.
[CrossRef]
26. Budi Santosa, F.X.; Padua, G.W. Tensile properties and water absorption of zein sheets plasticized with Oleic and Linoleic acids. J.
Agric. Food Chem. 1999, 47, 2070–2074. [CrossRef]
27. Sander, M.M.; Nicolau, A.; Guzatto, R.; Samios, D. Plasticiser effect of oleic acid polyester on polyethylene and polypropylene.
Polym. Test. 2012, 31, 1077–1082. [CrossRef]
28. Altenhofen da Silva, M.; Adeodato Vieira, M.G.; Gomes Maçumoto, A.C.; Beppu, M.M. Polyvinylchloride (PVC) and natural
rubber films plasticized with a natural polymeric plasticizer obtained through polyesterification of rice fatty acid. Polym. Test.
2011, 30, 478–484. [CrossRef]
Materials 2021, 14, 5000 19 of 19
29. Cruz, R.S.; Camilloto, G.P.; dos Santos Pires, A.C. Oxygen scavengers: An approach on food preservation. In Structure and
Function of Food Engineering; Eissa, A.A., Ed.; IntechOpen Limited: London, UK, 2012. [CrossRef]
30. Solovyov, S.E. Oxygen scavengers. In The Wiley Encyclopedia of Packaging Technology, 3rd ed.; Yam, K.L., Ed.; John Wiley & Sons:
Hoboken, NJ, USA, 2010; pp. 841–850.
31. Miranda, M.A. Bio Based Active Barrier Materials and Package Development. Ph.D. Thesis, University of Toledo, Toledo, OH,
USA, 30 December 2016.
32. Miranda, M.A.; Jabarin, S.A.; Coleman, M. Modification of poly(ethylene terephthalate) (PET) using linoleic acid for oxygen
barrier improvement: Impact of processing methods. J. Appl. Polym. Sci. 2017, 134, 45023. [CrossRef]
33. ISO 9277-2010. Determination of the Specific Surface Area of Solids by Gas Adsorption—BET Method; International Standard Organisa-
tion: London, UK, 2010.
34. Gane, P.A.; Kettle, J.P.; Matthews, G.P.; Ridgway, C.J. Void space structure of compressible polymer spheres and consolidated
Calcium carbonate paper-coating formulations. Ind. Eng. Chem. Res. 1996, 35, 1753–1764. [CrossRef]
35. O’Brien, F.E.M. The control of humidity by saturated salt solutions. J. Sci. Instrum. 1948, 25, 73. [CrossRef]
36. Greenspan, L. Humidity fixed points of binary saturated aqueous solutions. J. Res. Natl. Bur. Stand. 1977, 81, 89–96. [CrossRef]
37. Giancoli, D.C. Physik: Lehr- und Übungsbuch, 3rd ed.; Pearson Studium: München, Germany, 2010.
38. Zhang, Z.B.; Britt, I.J.; Tung, M.A. Permeation of oxygen and water vapor through EVOH films as influenced by relative humidity.
J. Appl. Polym. Sci. 2001, 82, 1866–1872. [CrossRef]
39. Schulz, H. Beta oxidation of fatty acids. BBA Lipid Lipid Met. 1991, 1081, 109–120. [CrossRef]
40. Belitz, H.D.; Grosch, W.; Schieberle, P. Lehrbuch der Lebensmittelchemie; Springer: Berlin/Heidelberg, Germany, 2007.
41. Ternes, W. Naturwissenschaftliche Grundlagen der Lebensmittelzubereitung, 3rd ed.; Springer: Berlin/Heidelberg, Germany, 2008.
42. Domínguez, R.; Pateiro, M.; Gagaoua, M.; Barba, F.J.; Zhang, W.; Lorenzo, J.M. A Comprehensive Review on Lipid Oxidation in
Meat and Meat Products. Antioxidants 2019, 8, 429. [CrossRef] [PubMed]
43. Hibino, M.; Sumi, A.; Hatta, I. Molecular arrangements of fatty-acids and Cholesterol at liquid Graphite interface observed by
Scanning-Tunneling-Microscopy. Jpn. J. Appl. Phys. 1995, 34, 3354–3359. [CrossRef]
44. Pfaller, P. Enrichment of Calcium Carbonate with Omega-3 Fatty Acids for Food Fortification. Master’s Thesis, (Unpublished,
Confidential). ETH Zürich, Zürich, Switzerland, 2016.
45. Gómez-Alonso, S.; Salvador, M.D.; Fregapane, G. Evolution of the oxidation process in olive oil triacylglycerol under accelerated
storage conditions (40–60 ◦C). J. Am. Oil Chem. Soc. 2004, 81, 177–184. [CrossRef]
46. Mancebo-Campos, V.; Fregapane, G.; Desamparados Salvador, M. Kinetic study for the development of an accelerated oxidative
stability test to estimate virgin olive oil potential shelf life. Eur. J. Lipid Sci. Technol. 2008, 110, 969–976. [CrossRef]
47. Crapiste, G.H.; Brevedan, M.I.V.; Carelli, A.A. Oxidation of sunflower oil during storage. J. Am. Oil Chem. Soc. 1999, 76, 1437.
[CrossRef]
48. Braga, L.R.; Sarantópoulos, C.I.G.L.; Peres, L.; Braga, J.W.B. Evaluation of absorption kinetics of oxygen scavenger sachets using
response surface methodology. Packag. Technol. Sci. 2010, 23, 351–361. [CrossRef]
49. Barden, L.M. Understanding Lipid Oxidation in Low-Moisture Food. Ph.D. Thesis, University of Massachusetts Amherst,
Amherst, MA, USA, February 2014. [CrossRef]
50. Roos, Y.H. Water Activity and Physical State Effects on Amorphous Food Stability. J. Food Process. Pres. 1993, 16, 433–447.
[CrossRef]
51. Slade, L.; Levine, H.; Reid, D.S. Beyond Water Activity—Recent Advances Based on an Alternative Approach to the Assessment
of Food Quality and Safety. Crit. Rev. Food Sci. Nutr. 1991, 30, 115–360. [CrossRef] [PubMed]
52. Nelson, K.A.; Labuza, T.P. Relationship between water and lipid oxidation rates. In Lipid Oxidation in Food; St. Angelo, A.J., Ed.;
American Chemical Society: Washington, DC, USA, 1992; Volume 500, pp. 93–103. [CrossRef]
53. Argyle, M.D.; Bartholomew, C.H. Heterogeneous catalyst deactivation and regeneration: A review. Catalysts 2015, 5, 145–269.
[CrossRef]
